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Devwudfw
Zh frqvlghu lqwhuqdwlrqdo oderu +hqwuhsuhqhxu, prelolw| lq d wzr0
frxqwu| ryhuodsslqj0jhqhudwlrqv prgho1 Lqwhudfwlrqv ri ghfuhdvlqj
dqg lqfuhdvlqj uhwxuqv lq surgxfwlrq |lhog pxowlsoh htxloleuld wkdw
duh vwdeoh xqghu dgdswlyh ohduqlqj1 Jryhuqphqwv kdyh dq xqlodwhudo
lqfhqwlyh wr uhgxfh lqfrph wd{hv dw wkh mrlqw rswlpxp1 Zh frpsduh
wkh Qdvk htxloleulxp lq wd{hv xqghu ixoo oderu prelolw| wr wkh forvhg
hfrqrp| zlwk qr prelolw|1 Ghvslwh vwudwhjlf wd{ vhwwlqj/ wkh iuhh
prelolw| rxwfrph lv riwhq ehwwhu lq zhoiduh whupv1 Odujh/ glvfuhwh
jdlqv lq zhoiduh pd| eh dwwdlqhg ehfdxvh ri wkh wd{ frpshwlwlrq1
H{shfwdwlrqdo eduulhuv iru glvfuhwh zhoiduh lpsuryhphqwv fdq eh
ryhufrph wkurxjk wd{ frpshwlwlrq1
Nh| zrugv= wd{ srolf|/ prelolw| ri oderu/ pxowlsoh htxloleuld/
h{shfwdwlrq wudsv
MHO fodvvlfdwlrq= K;:/ I55/ K54
Jdlqv dqg Orvvhv iurp Wd{ Frpshwlwlrq zlwk
Pljudwlrq 4
Vhssr Krqndsrkmd/ Xqlyhuvlw| ri Fdpeulgjh
Dumd Wxuxqhq0Uhg/ Xqlyhuvlw| ri Qhz Ruohdqv
Iheuxdu| 5337
4 Lqwurgxfwlrq
Lqwhuqdwlrqdo wd{ frpshwlwlrq kdv dwwudfwhg pxfk lqwhuhvw lq uhfhqw
olwhudwxuh1 Dw lvvxh lv wkh doorfdwlrq ri preloh wd{ edvhv +w|slfdoo|
fdslwdo,/ wkh orfdwlrq ri zklfk pd| eh dhfwhg e| vwudwhjlf srolf|
fkrlfhv +lq sduwlfxodu/ wd{ uhgxfwlrqv, ri jryhuqphqwv hdjhu wr
dwwudfw wkhp1 Wkh ihdu lv wkdw vxfk xqlodwhudo dqg djjuhvvlyh
wd{ srolflhv frxog suryh kdupixo wr djjuhjdwh zhoiduh vlqfh sxeolf
vhuylfhv pljkw kdyh wr eh fxw dv wd{ uhyhqxhv gzlqgoh15
Wkhruhwlfdo zrun kdv odujho| vxssruwhg wkh deryh ylhzsrlqw1 Wkh
Qdvk htxloleulxp ri wkh wd{ frpshwlwlrq jdph kdv ehhq vkrzq wr eh
lqihulru wr wkh k|srwkhwlfdo mrlqw rswlpxp wkdw frxog eh dwwdlqhg li
wd{ srolf| wrzdug preloh dfwlylwlhv zhuh frrshudwlyho| ghwhuplqhg1
Wkh Qdvk vroxwlrq lqyroyhv d vxsso| ri sxeolf jrrgv wkdw lv orzhu
wkdq mrlqwo| rswlpdo dqg/ ehfdxvh doo qdwlrqv duh frpshoohg wr
vhohfw orz wd{hv rq preloh dfwlylwlhv/ qr qdwlrq lv deoh wr uhds
dv|pphwulf/ frpshqvdwlqj jdlqv iru lwv vdfulfh lq wd{ uhyhqxh1
H{solflw frruglqdwlrq ri qdwlrqdo wd{ srolflhv lv xvxdoo| vxjjhvwhg
dv d uhphg| iru wkh srwhqwldo zhoiduh orvv iurp wd{ frpshwlwlrq16
4Zh judwhixoo| dfnqrzohgjh qdqfldo vxssruw iurp judqwv e| wkh Dfdghp| ri Ilq0
odqg/ Edqn ri Ilqodqg/ \umø Mdkqvvrq Irxqgdwlrq dqg Qrnld Jurxs1 Wklv uhvhdufk
zdv sduwo| frqgxfwhg zkloh wkh uvw dxwkru zdv d!oldwhg zlwk wkh Uhvhdufk Xqlw rq
Hfrqrplf Vwuxfwxuhv dqg Jurzwk/ Xqlyhuvlw| ri Khovlqnl1
5Vlqq +5333/ 5336, dprqj rwkhuv kdv kljkoljkwhg wkh sureohpv wkdw wd{ frpshwlwlrq
pd| srvh iru wkh Hxurshdq0vw|oh zhoiduh vwdwh1
6Wkh yroxplqrxv olwhudwxuh rq wd{ frpshwlwlrq lv vxuyh|hg lq Zlovrq +4<<<,1 Vhh
Vruhqvhq +5333,/ Zlogdvlq +5333,/ dqg Ghyhuhx{/ Orfnzrrg dqg Uhgrdqr +5335, iru
uhfhqw hpslulfdo hylghqfh1 Shuvvrq dqg Wdehoolql +4<<5, vxjjhvwhg wkdw frqvhtxhqfhv ri
wd{ frpshwlwlrq pd| eh frxqwhuhg e| dgdswdwlrq ri frxqwulhv* lqwhuqdo srolwlfdo v|vwhpv1
Hgzdugv dqg Nhhq +4<<9, vkrz wkdw wd{ frpshwlwlrq pd| surylgh d xvhixo frqvwudlqw
wr vhoi0vhuylqj prwlydwlrqv ri sxeolf ghflvlrq pdnhuv1
4
Wkh gl!fxow| zlwk wkh wd{ frruglqdwlrq vroxwlrq lv/ krzhyhu/ wkdw
vxfk frrshudwlrq vhhpv wr eh yhu| gl!fxow wr dfklhyh lq sudfwlfh1
Iru h{dpsoh/ wkh HX kdv wulhg iru pdq| |hduv wr uhdfk djuhhphqw
rq frpprq ohyhov dqg rwkhu dvshfwv ri frusrudwh wd{dwlrq1 Khqfh/
frpsdulqj htxloleuld zlwk wd{ frpshwlwlrq zlwk d frruglqdwhg vrfldo
rswlpxp pd| qrw eh wkh prvw qdwxudo zd| wr dvvhvv wkh uroh ri
joredol}dwlrq dqg wd{ frpshwlwlrq1 Lw zrxog dovr vhhp qdwxudo wr
frpsduh htxloleuld zlwk iuhh prelolw| dqg wd{ frpshwlwlrq zlwk zkdw
forvhg hfrqrplhv fdq dfklhyh dw ehvw/ l1h1/ frxqwu|0zlvh vrfldo rswlpd
zkhq wkhuh lv qr lqwhuqdwlrqdo prelolw| ri surgxfwlyh idfwruv1
Lq wklv sdshu/ zh pdnh wkh odwwhu frpsdulvrq dqg dujxh wkdw
wkhuh duh flufxpvwdqfhv lq zklfk wkh rshqlqj ri qdwlrqdo erughuv
dqg wkh uhvxowlqj wd{ frpshwlwlrq fdq eh srvlwlyho| khosixo1 Wkh
srvvlelolw| wkdw vwudwhjlf wd{ vhwwlqj pd| dfwxdoo| lpsuryh zhoiduh
fhqwhuv rq wzr uhodwhg skhqrphqd= +l, wkh odujh/ glvfuhwh mxpsv
lq hpsor|phqw/ rxwsxw/ dqg zhoiduh diwhu frpsdudwlyh0g|qdplf
fkdqjhv wkdw fdq wdnh sodfh zkhq wkhuh duh pxowlsoh htxloleuld
dqg +ll, wkh idfw wkdw orz h{shfwdwlrqv/ dffrpsdqlhg e| dgdswlyh
ohduqlqj g|qdplfv/ fdq eorfn srwhqwldo zhoiduh lpsuryhphqwv iurp
ehlqj uhdol}hg1 Zh vkrz uvw wkdw/ e| vlpso| h{sdqglqj idfwru
 rzv/ wd{ frpshwlwlrq fdq vrphwlphv |lhog vljqlfdqw +glvfuhwh,
zhoiduh jdlqv ryhu vrfldoo| rswlpdo htxloleuld lq zklfk lqglylgxdov duh
lqwhuqdwlrqdoo| lppreloh +gxh wr forvhg erughuv, exw duh rswlpdoo|
wd{hg1 Vhfrqgo|/ zkhq pxowlsoh srwhqwldo htxloleuld h{lvw dqg d orz
htxloleulxp lv uhdol}hg/ wd{ frpshwlwlrq fdq vhuyh dv dq lqwhuqdwlrqdo
frruglqdwlrq phfkdqlvp wkdw euhdnv wkh orz h{shfwdwlrqv wkdw
vxssruw wkh orz rxwsxw wuds/ wkxv fuhdwlqj d srvlwlyh mxps lq
rxwsxw dqg zhoiduh1 Ixuwkhupruh/ rqfh d kljk rxwsxw vwhdg| vwdwh
kdv ehhq uhdfkhg/ zh vkrz wkdw fduhixoo| fkrvhq frrshudwlyh wd{
lqfuhdvhv pd| eh lqvwlwxwhg zlwkrxw glvwxuelqj wkh qhzo| dwwdlqhg
kljk htxloleulxp1 Wkxv/ zkloh h{shfwdwlrqdo g|qdplfv pd| fdxvh
vwdjqdwlrq dw d orz htxloleulxp wuds/ vwdelolw| ri htxloleulxp xqghu
ohduqlqj fdq dovr vxssruw frrshudwlyh wd{dwlrq ri preloh idfwruv1
Zh hpsor| d v|pphwulf wzr0frxqwu| yhuvlrq ri wkh vlpsoh
ryhuodsslqj0jhqhudwlrqv prgho ri vrfldo lqfuhdvlqj uhwxuqv gxh wr
5
Hydqv dqg Krqndsrkmd +4<<8, wr ghulyh wkhvh uhvxowv17 +Iru d
vxppdu| glvfxvvlrq ri wkh prgho vhh Vhfwlrq 719 ri Hydqv dqg
Krqndsrkmd +5334,1, Wkh prgho dqg wkh v|pphwu| dvvxpswlrq duh
qdwxudoo| uhvwulfwlyh exw wkh| doorz xv wr vwuhdpolqh rxu dqdo|vlv1
Zh dvvxph wkdw doo lqglylgxdov eruq lq hlwkhu frxqwu| duh srwhqwldoo|
preloh lq wkhlu uvw shulrg ri olih1 Lqfrph hduqhg lv wd{hg dffruglqj
wr wkh vrxufh sulqflsoh/ dqg wkh wd{ uhyhqxhv duh vshqw wr vxsso|
sxeolfo| surylghg jrrgv dqg vhuylfhv iru lqglylgxdov lq wkhlu vhfrqg
shulrg ri olih zkhq wkh| qr orqjhu zrun1 Zh ghyldwh iurp wkh
vwdqgdug wd{ frpshwlwlrq prghov e| wuhdwlqj wkh preloh lqglylgxdov
dv krxvhkrog0surgxfhuv ru hqwuhsuhqhxuv1 Dffruglqjo|/ wkh| gr qrw
h{fkdqjh oderu iru d pdunhw zdjh exw duh/ lqvwhdg/ iuhh wr vhw xs
vkrs dqg rhu wkhlu vhuylfhv +phdvxuhg lq djjuhjdwh frqvxpswlrq, lq
hlwkhu frxqwu| ghshqglqj rq wkh uhwxuq wr wkh vhuylfh ehlqj rhuhg1
Lqglylgxdov ri wklv w|sh frpsulvh vnloohg surihvvlrqv +LW vhuylfhv/
frqvxowlqj/ hqwhuwdlqphqw/ ghvljq/ duwv/ hwf1, dqg wkhlu vhuylfhv
uh hfw wkh lpsolflw vwrfn ri kxpdq fdslwdo lq h{lvwhqfh18 Lq rxu
prgho orzhu wd{hv dqg lqwhuqdwlrqdo prelolw| ri hqwuhsuhqhxuvkls
fdq surylgh vwurqj lqfhqwlyhv wr lqfuhdvh surgxfwlyh hruw dqg wr
h{sdqg djjuhjdwh rxwsxw1 Wklv lqfuhdvh fdq/ pruhryhu/ eh pdjqlhg
e| lqfuhdvlqj vrfldo uhwxuqv lq d fhuwdlq udqjh ri djjuhjdwh hruw19
Wkh srvvlelolw| ri odujh mxpsv lq htxloleuld lv gxh wr wkh vrfldo
lqfuhdvlqj uhwxuqv ri wkh prgho1 Lq sduwlfxodu/ zh dvvxph wkdw zkloh
lqglylgxdo +hqwuhsuhqhxuldo, hruw lv vxemhfw wr ghfuhdvlqj uhwxuqv
lq hdfk orfdwlrq/ h{whuqdo jdlqv lq surgxfwlylw| duh uhdshg li wkh
djjuhjdwh oderu vxsso| lq d orfdwlrq h{fhhgv d plqlpxp wkuhvkrog
ohyho1 Wkh lqwhudfwlrq ri wkh srvlwlyh surgxfwlylw| h{whuqdolwlhv zlwk
7Zlogdvlq dqg Zlovrq +4<<9, kdyh ghyhorshg dq ryhuodsslqj0jhqhudwlrqv prgho wr
dqdo|}h odqg0ydoxh pd{lpl}lqj wd{dwlrq xqghu lpshuihfw uhvlghqw prelolw|1
8Ghyhuhx{/ Orfnzrrg dqg Uhgrdqr +5335, kdyh dqdo|}hg lqwhuqdwlrqdo prelolw| ri
upv zkhq qdqfldo fdslwdo lv dovr lqwhuqdwlrqdoo| preloh1 Rxu prgho grhv qrw lqfoxgh
qdqfldo fdslwdo/ exw wkh lqglylgxdo hqwuhsuhqhxuv lq rxu prgho frxog eh lqwhusuhwhg dv
uhsuhvhqwlqj preloh hqwuhsuhqhxuldo kxpdq fdslwdo +upv,1
9Wkh ehqhwv iurp wd{ frpshwlwlrq gxh wr lqfuhdvhg hruw duh glhuhqw iurp ehqhwv
wkdw fdq hphujh iurp djjorphudwlrq hhfwv dqg fruh0shulskhu| htxloleuld/ zklfk kdyh
uhfhqwo| ehhq frqvlghuhg e| Edogzlq dqg Nuxjpdq +5337,1 Wkh| dujxh wkdw wkh fruh
frxqwu| fdq dfw dv d Vwdfnhoehuj ohdghu dqg xvh d olplw wd{dwlrq vwudwhj| wrzdugv
wkh shulskhu|1
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wkh ghfuhdvlqj lqglylgxdo uhwxuqv wr hruw |lhogv wkh srwhqwldo iru
pxowlsoh vwhdg| vwdwh vroxwlrqv1 Jlyhq vxfk pxowlsolflwlhv/ fkdqjhv
lq wd{ srolf| fdq lqgxfh hqgrjhqrxv mxpsv iurp rqh vwhdg| vwdwh wr
dqrwkhu> zh duh sduwlfxoduo| lqwhuhvwhg lq ghwhuplqlqj wkh gluhfwlrq
ri fkdqjhv dvvrfldwhg zlwk wd{ frpshwlwlrq1
Zh dsso| wkh frqfhsw ri vwdelolw| xqghu dgdswlyh ohduqlqj vr
dv wr fodvvli| vwhdg| vwdwh htxloleuld1: Xqghu wklv fulwhulrq/ vwdeoh
htxloleuld zloo eh dssurdfkhg yld dq h{shfwdwlrqdo dgmxvwphqw
surfhvv lq zklfk lqglylgxdov revhuyh wkh rxwfrph ri wkh hfrqrplf
surfhvv dw hdfk srlqw lq wlph/ dgmxvw wkhlu iruhfdvw ixqfwlrqv/
dqg ohduq derxw wkh htxloleulxp ydoxhv ri wkh prgho yduldeohv1
Qhdu vwdeoh htxloleuld/ h{shfwdwlrqdo huuruv glplqlvk gluhfwlqj wkh
hfrqrp| wrzdug d sduwlfxodu vwdeoh vroxwlrq> lq frqwudvw/ xqvwdeoh
vwhdg| vwdwhv fdqqrw eh uhdfkhg ehfdxvh ehkdylru zloo eh dowhuhg wr
uh hfw wkh hyhu0jurzlqj iruhfdvw huuruv qhdu wkhvh htxloleuld1
Vlqfh htxloleuld wkdw duh xqvwdeoh xqghu ohduqlqj fdqqrw eh
dssurdfkhg e| vpdoo/ judgxdo vwhsv/ dq xqvwdeoh vwhdg| vwdwh wkdw
vhsdudwhv d kljk rxwsxw htxloleulxp iurp dq lqlwldo orz rxwsxw vwdwh
irupv dq h{shfwdwlrqdo eduulhu wkdw fdqqrw eh hdvlo| ryhufrph1
Rqo| glvfuhwh fkdqjhv lq srolf| ru rwkhu h{rjhqrxv glvwxuedqfhv
ri vx!flhqw vl}h fdq fdxvh dq xszdug mxps lq h{shfwdwlrqv dqg
wkh shuirupdqfh ri wkh hfrqrp|1 Zh vkrz wkdw wkh vhhplqjo|
ghvwuxfwlyh wd{ frpshwlwlrq fdq vhuyh lq wklv zhoiduh lpsurylqj uroh1
Wkh frqwhqwv ri wkh sdshu duh dv iroorzv1 Vhfwlrq 5 ghvfulehv
wkh prgho dqg fkdudfwhul}hv wkh ihdvleoh vwhdg| vwdwhv1 Vhfwlrq 6
looxvwudwhv wkh jdlqv dulvlqj iurp lqwhuqdwlrqdo wd{ frpshwlwlrq/ dqg
vhfwlrq 7 dqdo|}hv wkh uroh ri h{shfwdwlrqv lq wkh pd{lpl}dwlrq ri
vxfk jdlqv1 Vhfwlrq 8 frqfoxghv1
5 Prgho
Lq wklv vhfwlrq/ zh h{sdqg wkh Hydqv dqg Krqndsrkmd +4<<8,
ryhuodsslqj0jhqhudwlrqv prgho wr lqfoxgh wzr v|pphwulf frxqwulhv/
:Iru dq h{kdxvwlyh glvfxvvlrq ri dgdswlyh ohduqlqj/ vhh Hydqv dqg Krqndsrkmd
+5334,1
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M+rph, dqg 8 +ruhljq,/ wkdw lqwhudfw iuhho| lq frpprglw| dqg idfwru
pdunhwv1 Dxwdun| htxloleuld duh ghqhg odwhu e| vxlwdeo| dgmxvwlqj
wklv rshq hfrqrp| prgho1
514 Surgxfwlrq Whfkqrorj|
Dw dq| srlqw lq wlph/ erwk frxqwulhvM dqg 8 duh wkh eluwksodfh ri d
{hg qxpehu +g, lqglylgxdov zkr olyh iru wzr wlph shulrgv1 Lq wkhlu
uvw shulrg ri olih/ wkh |rxqj zrun dqg vhoo djjuhjdwh frqvxpswlrq wr
wkh uhwluhg1 Oderu lv wkh rqo| yduldeoh lqsxw1 Lqglylgxdo surgxfwlrq
ixqfwlrqv/ lghqwlfdo wr doo zrunhuv/ duh vshflhg e|
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
m, ghqrwh zrun shuiruphg lq wkh wzr frxqwulhv
e| wkrvh eruq lq M +uhvs1 8 ,1 Wkxv/ wkh vxshuvfulsw  lqglfdwhv
wkh orfdwlrq ri eluwk lq 8 / zkhuhdv wkh vxevfulswv  ’ Mc8 lqglfdwh
wkh sodfh ri hpsor|phqw1 Wkh surgxfwlrq sdudphwhu k lv dvvxphg
wr eh ohvv wkdq rqh vr wkdw ghfuhdvlqj uhwxuqv wr lqglylgxdo hruw
suhydlo1;
Lqfuhdvlqj h{whuqdo uhwxuqv wr oderu duh uhsuhvhqwhg e| wkh
ixqfwlrq  lq +4,1 Zh dvvxph wkdw wkh h{whuqdo uhwxuqv ghshqg
rq wkh djjuhjdwh hpsor|phqw lq d jlyhq orfdwlrq/ l1h1/ lq +4,/
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
Kc I ’ gE?

I n ?I  +5,
Wkh ixqfwlrq  lv wdnhq wr eh lqfuhdvlqj lq m> wkxv/ wkh odujhu wkh
wrwdo vxsso| ri oderu lq frxqwu| / wkh kljkhu wkh surgxfwlylw| ri
hdfk zrunhu lq wkdw frxqwu|1
D sduwlfxodu ixqfwlrqdo irup iru vrfldo uhwxuqv kdv ehhq vxjjhvwhg
e| Hydqv dqg Krqndsrkmd +4<<8,1 Dffruglqj wr wklv vshflfdwlrq/
Em ’ 4@ 
keUc Uml c eU : fc q  c +6,
Um 
bm
 n @bm
c b 5 Efc  c @ : f +7,
;Lqglylgxdov lq wkhlu uvw shulrg ri olih fdq eh lqwhusuhwhg dv hqwuhsuhqhxuv iru zkrp
kxpdq fdslwdo lv wkh {hg idfwru1 Zkloh wklv kxpdq fdslwdo lv qrw gluhfwo| preloh/
hqwuhsuhqhxuldo hruw/ phdvxuhg e| wkh yduldeohv q dqg q
W
 > lv wdnhq wr eh iuhho| preloh1
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zkhuh  ’ Mc8 1 E| +6,/ djjuhjdwh hpsor|phqw pxvw h{fhhg dq
h{rjhqrxv wkuhvkrog ydoxh/ eU/ ehiruh h{whuqdo surgxfwlylw| jdlqv fdq
eh ihow1 Li wkh oderu vxsso| m lv vx!flhqwo| odujh/ wkh pxowlsolhu
Um E’ Em rewdlqhg iurp +6, lv vxevwlwxwhg lqwr wkh lqglylgxdo
surgxfwlrq ixqfwlrqv +4,1 Rwkhuzlvh/ wkhuh duh qr vrfldo uhwxuqv wr
oderu dqg wkh surgxfwlrq ixqfwlrqv lqfoxgh wkh frqvwdqw pxowlsolhueU1
Zh lpdjlqh wkdw wkh vrfldo jdlqv lq surgxfwlylw| uh hfw wkh
vkdulqj ri h{shulhqfhv dqg lghdv wkdw qdwxudoo| wdnhv sodfh zkhq
lqglylgxdov +hqwuhsuhqhxuv, rshudwh lq vrph sur{lplw| wr hdfk rwkhu1
Wkh h{suhvvlrq Um lq +7, uhsuhvhqwv wklv vkdulqj ri lghdv1 Lq
sduwlfxodu/ zh srvlw wkdw qhz lghdv duh eurdgfdvw dw d xqlirup
udwh e| doo dfwlyh zrunhuv dqg wkdw/ iru dq| lqglylgxdo/ wkh iudfwlrq
b ri lghdv lv vxlwdeoh wr eh dssolhg1 Dvvxplqj wkdw hdfk zrunhu
qhhgv @ wlph xqlwv wr devrue dqg xqghuvwdqg d qhz lghd rqfh lw
kdv duulyhg/ wkh wrwdo wlph uhtxluhg wr uhfhlyh dqg dsso| dq xvdeoh
lghd htxdov @ n Ebm
41 Shu {hg xqlw wlph shulrg/ wkhuhiruh/ wkh
wrwdo qxpehu ri xvdeoh lghdv wkdw dq| dfwlyh lqglylgxdo uhfhlyhv lv
Um ’ E@n Ebm
44 dv vshflhg lq +7,1 Wklv Um lv lqfuhdvlqj lq wkh
wrwdo oderu vxsso|/ m/ zkhuhe| h{whuqdo surgxfwlylw| jdlqv lqfuhdvh
zlwk djjuhjdwh hpsor|phqw1 Wkhuh lv/ krzhyhu/ dq xsshu erxqg iru
wkh jdlqv> e| +7,/ Um dssurdfkhv *@ dv m ehfrphv yhu| odujh1
515 Ryhuodsslqj Jhqhudwlrqv
Zhoiduh lv ghulyhg iurp sulydwh frqvxpswlrq dqg sxeolf vhuylfhv1
Lq wkh iroorzlqj xwlolw| ixqfwlrq/ zklfk dssolhv wr d uhsuhvhqwdwlyh
lqglylgxdo eruq lq frxqwu| M lq wkh ehjlqqlqj ri shulrg |/
‘K ’ LESK>w.4 T E?Kw n ?Iw n >XECK>w.4c +8,
SK>w.4 ghqrwhv sulydwh frqvxpswlrq dqg wkh sdudphwhu > jlyhv wkh
zhoiduh zhljkw ri sxeolfo| surylghg frqvxpswlrq/ CK>w.4/ erwk ri
zklfk duh hqmr|hg lq uhwluhphqw lq wlph shulrg E| n  +wkh vhfrqg
shulrg ri olih,1 Glvxwlolw| ri oderu lv uh hfwhg lq wkh vhfrqg whup
rq wkh uljkw0kdqg0vlgh ri +8,1 Zh wuhdw zrun shuiruphg lq erwk
orfdwlrqv v|pphwulfdoo|/ l1h1/ zh h{foxgh dq| sv|fkrorjlfdo dv zhoo
9
dv prqhwdu| frvwv wkdw pd| eh dvvrfldwhg zlwk oderu prelolw|1< Wkh
ixqfwlrqv L dqg X duh dvvxphg wr eh lqfuhdvlqj dqg frqfdyh/ zkloh
T lv lqfuhdvlqj dqg frqyh{1
Qdwlrqdo jryhuqphqwv lqghshqghqwo| surylgh ehqhwv wr wkh uh0
wluhg1 Lq rughu wr vxsso| vxfk sxeolf frqvxpswlrq/ wkh jryhuqphqwv
dssursuldwh d iudfwlrq  mc  ’ Mc8 / ri qdwlrqdo rxwsxw lq hdfk
shulrg1 Dffruglqjo|/ zh kdyh
 mtmw ’ Cmwc tmw  sE?mwc mw n sE?

mwc mwc  ’ Mc8c +9,
zkhuh tmw jlyhv wkh wrwdo shu fdslwd rxwsxw ri grphvwlf dqg iruhljq
zrunhuv lq frxqwu|  lq shulrg |1 Wkh yduldeohv  m ghqh wkh qdwlrqdo
wd{ udwhv e| zklfk lqglylgxdo lqfrph lv wd{hg lq hdfk frxqwu|1
Wkh vxevhtxhqw +shu fdslwd, exgjhw frqvwudlqwv ri d uhsuhvhqwd0
wlyh lqglylgxdo zkr lv eruq lq M lq shulrg | dqg uhwluhv lq shulrg
|n  duh
E KRwsE?Kwc Kw n E I RwsE?Iwc Iw ’wc +:,
Rhw.4SK>w.4 ’w +;,
Lq +:, dqg +;,/ w vwdqgv iru wkh qhw lqfrph/ phdvxuhg lq prqh|/
wkdw wkh |rxqj lq M sodq wr vshqg lq uhwluhphqw/ dqg Rhw.4 lv wkh
sulfh iruhfdvw iru ixwxuh frqvxpswlrq e| wkh zrunhuv lq shulrg
|1 +Lghqwlfdo iruhfdvwv iru glhuhqw lqglylgxdov duh dvvxphg iru
vlpsolflw|1, Dqdorjrxv exgjhw frqvwudlqwv dsso| wr lqglylgxdov eruq
lq frxqwu| 8 Zh dvvxph frpprq fxuuhqf| iru wkh wzr frxqwulhv/
dqg wkh vwrfn ri prqh| lv wdnhq wr eh frqvwdqw1
Oderu vxsso| lv fkrvhq vr dv wr pd{lpl}h olih0wlph zhoiduh +8,
vxemhfw wr wkh frqvwudlqwv +:,0+;,1 Dffruglqjo|/ zkhq pdnlqj wkhlu
ghflvlrqv/ zrunhuv frqvlghu wkh fxuuhqw sulfh ri frqvxpswlrq/ wkh
h{shfwhg frvw ri frqvxpswlrq lq wkh ixwxuh/ wkh grphvwlf dqg
iruhljq wd{ udwhv rq wkhlu hduqlqjv/ wkh surgxfwlylw| ri oderu lq
hdfk frxqwu|/ dqg wkhlu shuvrqdo glvxwlolw| iurp kdylqj wr hduq wkhlu
<Wklv irupxodwlrq lv dq h{whqvlrq ri wkh Vdpxhovrq +4<8;, ryhuodsslqj0jhqhudwlrqv
prgho1 E| +8,/ dffhvv wr sxeolf vhuylfhv lv frqwlqjhqw rq qdwlrqdolw|/ phdqlqj wkdw
rqo| sxeolf vhuylfhv ri wkh krph frxqwu| fdq eh xvhg zkhq uhwluhg1 Wklv holplqdwhv
dq| lqfhqwlyh wr pljudwh iru vrfldo dvvlvwdqfh sxusrvhv frqvlghuhg/ h1j1/ e| Vlqq +5333/
5336, dqg Euh|hu dqg Nropdu +5335,,1
:
olylqj1 Djjuhjdwh hpsor|phqw +Kc I , dqg sxeolf vhuylfhv +CK c
CI , duh wdnhq dv jlyhq lq lqglylgxdov* rswlpl}dwlrq1
Rswlpdo oderu vxsso| lv lpsolflwo| fkdudfwhul}hg e| wkh uvw rughu
frqglwlrqv
L 3ESK>w.4
E  mRw
Rhw.4
s 3qE?mwc mw ’ T
3E?Kw n ?Iwc  ’ Mc8c +<,
L 3ESI>w.4
E  mRw
Rhw.4
s 3qE?

mwc mw ’ T
3E?Kw n ?

Iwc  ’ Mc8 +43,
E| +<, dqg +43,/ wkh rswlpdo ?m dqg ?

m /  ’ Mc8 / htxdol}h wkh
pdujlqdo h{shfwhg uhwxuqv wr oderu lq wkh wzr pdunhwv dqg erwk duh
htxdo wr wkh pdujlqdo glvxwlolw| ri oderu143
Wkh uvw rughu frqglwlrqv +<,0+43, fdq eh vlpsolhg e| revhuylqj
wkdw dorqj d shuihfw iruhvljkw htxloleulxp sdwk sulfh iruhfdvwv
duh fruuhfw/ l1h1/ Rhw.4 ’ Rw.4/ dqg wkh zruog pdunhw iru sulydwh
frqvxpswlrq +shu fdslwd, fohduv lq doo shulrgv/ l1h1/
Zw  SKw n S

Iw ’ E KtKw n E I tIw +44,
iru doo |1 Jlyhq wkh frqvwdqw zruog vxsso| ri prqh| +htxdo wr ,/
pdunhw fohdulqj iru wkh zruog uhtxluhv wkdw wrwdo qrplqdo vdylqjv e|
wkh |rxqj htxdo qrplqdo prqh| vxsso|1 Htxlydohqwo|/ Zw ’*Rwc
zklfk |lhogv
Rw
Rw.4
’
E KtK>w.4 n E I tI>w.4
E KtKw n E I tIw
’
Zw.4
Zw
+45,
lq dq| v|pphwulf htxloleulxp1
Zkhq vxevwlwxwhg lqwr wkh uvw rughu frqglwlrqv +<,0+43, wklv
sulfh udwlr |lhogv wkh iroorzlqj +shu fdslwd, oderu rhu fxuyhv G
E  mL
3ESK>w.4
Z
w.4 ’
Zw T
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43Qrwdwlrq= i ? ghqrwhv wkh sduwldo ghulydwlyh ri wkh surgxfwlrq ixqfwlrq i zlwk uhvshfw
wr lwv uvw dujxphqw1
;
zkhuh
SK>w.4 ’
dE 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Htxdwlrqv +46,0+49,/ wrjhwkhu zlwk ghqlwlrqv +5, dqg +44,/ ghwhu0
plqh wkh hyroxwlrq ri wkh irxu oderu vxsso| yduldeohv/ +?mc ?

m,/
 ’ Mc8 / dqg wkxv wkh hyroxwlrq ri djjuhjdwh hpsor|phqw lq hdfk
frxqwu|/ +K c I ,/ lv ghwhuplqhg dv zhoo1 Wkh wlph sdwkv ri wkh
uhpdlqlqj hqgrjhqrxv yduldeohv fdq vxevhtxhqwo| eh vroyhg e| ds0
so|lqj wkh suhylrxv ghqlwlrqv1
516 V|pphwulf Htxloleuld dqg Ohduqlqj G|qdplfv
Zkhq wkh wd{ udwhv duh wkh vdph lq erwk frxqwulhv +K ’ I ’ ,
wkh htxloleulxp ydoxhv ri doo oderu vxsso| yduldeohv duh htxdo 0
lpso|lqj qr qhw prelolw| ri oderu 0 dqg wkh frpprq vwhdg|0vwdwh
ydoxh/ ghqrwhg e| ?/ fdq eh vroyhg xvlqj rqh ri wkh rhu fxuyhv
+46,0+47,144
Iru wkh sxusrvhv ri looxvwudwlrq dqg vlpsolfdwlrq/ zh riwhq dgrsw
wkh lvrhodvwlf xwlolw| ixqfwlrqv
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45Htxdwlrq +4;, lv rewdlqhg xvlqj +4,0+7, dqg +4:,/ dqg e| qrwlqj wkdw/ gxh wr
v|pphwu|/ \‘| @ 5\| @ 7i+q|>Q|, dqg qM| . q8| @ 5q|=
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W|slfdo rhu fxuyhv lq +?w.4c ?w,0vsdfh duh ghslfwhg lq Ilj1 41
46 Zh
uhpdun wkdw lq rughu wr ghslfw wkh wrwdo shu fdslwd oderu vxsso|
+lqfoxglqj erwk grphvwlf zrun hruw dqg dq| oderu shuiruphg lq
wkh rwkhu frxqwu|, wkh rhu fxuyhv lq Ilj1 4 vkrxog eh lqwhusuhwhg
dv wzlfh wkh vroxwlrq iru ?w lq +4;,1
Rhu fxuyhv 8 / 8 3 dqg 8 33 lq Ilj1 4 frpsulvh wzr frqfdyh vhjphqwv/
vhsdudwhg e| d nlqn1 Lpphgldwho| wr wkh uljkw ri wkh nlqn/ wkhuh pd|
eh d frqyh{ vhjphqw dv vkrzq lq Ilj1 41
Wkh frqfdyh sruwlrqv ri wkh rhu fxuyhv duh revhuyhg zkhq
lqglylgxdo surgxfwlrq whfkqrorj| +4, lv vxemhfw wr ryhudoo ghfuhdvlqj
uhwxuqv1 Dorqj wkh uvw frqfdyh vhjphqw/ wr wkh ohiw ri wkh nlqn/ shu
fdslwd oderu vxsso| lv wrr orz iru h{whuqdo uhwxuqv wr oderu wr eh
ihow dqg vr ghfuhdvlqj uhwxuqv pxvw suhydlo147 Wkh frqyh{ uhjlrq wr
wkh uljkw ri wkh nlqn dsshduv zkhq h{whuqdo surgxfwlylw| jdlqv duh
vx!flhqwo| vwurqj wr ryhufrph lqglylgxdo ghfuhdvlqj uhwxuqv148 Exw/
vlqfh wkh srvlwlyh h{whuqdolw| hhfw lv erxqghg iurp deryh/ doo rhu
fxuyhv hyhqwxdoo| wxuq frqfdyh dv shu fdslwdo oderu vxsso| lqfuhdvhv>
wklv |lhogv wkh vhfrqg frqfdyh uhjlrq rq wkh rhu fxuyhv 8 / 8 3 dqg
8 331 +Vhh wkh Dsshqgl{/ sduw 4,/ iru d ghwdlohg txdolwdwlyh ghulydwlrq
ri wkh rhu fxuyhv lq Ilj1 41,
46Iru d glvfxvvlrq ri wkh vkdsh ri wkh rhu fxuyhv lq d forvhg hfrqrp| zh uhihu wr
Hydqv dqg Krqndsrkmd +4<<8/ 5334,1 Wkh ixqfwlrqdo irup ri wkh rshq hfrqrp| rhu
fxuyh +4;, lv vlplodu wr wkdw ri wkh fruuhvsrqglqj dxwdun| fxuyh/ wkh glhuhqfhv ehlqj +l,
wkh frh!flhqw 53
E0nj
3j wkdw dsshduv rq wkh uljkw0kdqg vlgh ri +4;, dqg +ll, wkh ghqlwlrq
ri wkh djjuhjdwh oderu vxsso| wkdw htxdov Q| @ Nq| lq dxwdun|1 Vhh Vhfwlrq 6 ehorz
iru d eulhi ghulydwlrq ri wkh dxwdun| rhu fxuyh1
47Lq wklv uhjlrq/ L ? eL dqg wkxv #+Q, @ eLq lq +4, lv d frqvwdqw1
48Lq wklv uhjlrq/ L A eL zkhuhe| #+Q, @ Lq lq +4, lv lqfuhdvlqj lq Q 1
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ILJXUH 4= Rhu Fxuyhv dqg Vwhdg| Vwdwhv1
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Wkuhh w|shv ri lqwhulru htxloleuld pd| eh uhdol}hg ghshqglqj rq
wkh vkdsh ri wkh rhu fxuyh +4;,1 +Lq dgglwlrq/ wkh htxloleulxp dw
wkh ruljlq +?w ’ f, dozd|v h{lvwv1, Iluvw/ wkhuh pd| eh d xqltxh
lqwhulru vwhdg| vwdwh wr wkh ohiw ri wkh nlqn vxfk dv ?Orz rq wkh rhu
fxuyh 8 lq Ilj1 41 Dw wklv htxloleulxp/ |rxqj jhqhudwlrqv zrun
uhodwlyho| olwwoh dqg rxwsxw dqg frqvxpswlrq duh orz1 Vhfrqg/ d
xqltxh htxloleulxp pd| rffxu wr wkh uljkw ri wkh nlqn/ dv lv wkh fdvh
dw ?Kljk rq wkh rhu fxuyh 8
331 Dw wklv vwhdg| vwdwh surgxfwlylw| ri
oderu lv hqkdqfhg e| h{whuqdo jdlqv iurp zrunhu lqwhudfwlrqv1 Wkh
wklug srvvlelolw| lv wkdw wkhuh duh pxowlsoh lqwhulru htxloleuld vxfk
dv looxvwudwhg e| wkh vwhdg| vwdwhv ?3Orz/ ?X / dqg ?
3
Kljk dorqj 8
31
Dw ?3Orz rxwsxw dqg frqvxpswlrq duh pxfk ehorz wkrvh uhdol}hg dw
wkh kljk htxloleulxp ?3Kljk1 Zhoiduh lv suhglfwdeo| dhfwhg= iru dq|
jlyhq ohyho ri oderu wd{dwlrq/ vwhdg| vwdwh zhoiduh lv dq lqfuhdvlqj
ixqfwlrq ri ? dfurvv doo vwhdg| vwdwhv vr wkdw doo lqglylgxdov pxvw
eh ehwwhu r dw ?3Kljk wkdq dw ?
3
Orz1
49
Zh lqwurgxfh g|qdplf dgmxvwphqw sdwkv wrzdug htxloleuld xvlqj
wkh dgdswlyh ohduqlqj dssurdfk1 Dffruglqjo|/ lqglylgxdov lq wlph
shulrg | duh dvvxphg wr edvh wkhlu ghflvlrqv derxw krz pxfk dqg
zkhuh wr zrun rq wkhlu h{shfwdwlrqv uhjduglqj ixwxuh ydoxhv ri
hfrqrplf yduldeohv1 H{shfwdwlrqv iru wlph shulrg E|n duh iruphg
e| dgmxvwlqj wkh iruphuo| khog h{shfwdwlrqv uhjduglqj wlph shulrg |>
wkh pdqqhu ri wkh dgmxvwphqw uh hfwv wkh glvfuhsdqf| ehwzhhq wkh
revhuyhg/ uhdol}hg/ hfrqrp| dqg wkh iruphu h{shfwdwlrqv1 Wkurxjk
d surfhvv ri hyhu pruh dffxudwh iruhfdvwv dqg dgmxvwphqwv/ vrph
vwhdg| vwdwhv zloo hyhqwxdoo| eh dssurdfkhg> wkhvh htxloleuld duh
vwdeoh xqghu dgdswlyh ohduqlqj1 Htxloleuld wkdw fdqqrw eh uhdfkhg
e| wklv vruw ri g|qdplf ohduqlqj surfhvv duh xqvwdeoh xqghu dgdswlyh
ohduqlqj1
Wkh uvw rughu frqglwlrqv +<,0+43, lghqwli| wkh txdqwlw|/ wkh
pdujlqdo xwlolw| ri frqvxpswlrq gh dwhg e| wkh iruhfdvw uhodwlyh
sulfh ri frqvxpswlrq +L 3ESw.4Rw*Rw.4,/ wkdw wkh lqglylgxdov duh
49Frpsduh wzr vwhdg| vwdwhv/ lqgh{hg e| 4 dqg 5> zkhuh q  q2= Wkhq/ vlqfh wkh
surgxfwlrq ixqfwlrq i lv lqfuhdvlqj lqQ dqg wkh wd{ udwh  lv {hg/ zhoiduh +dv ghqhg lq
+8,, vdwlvhv Z +q>Q, ? Z +q>Q2,= Ixuwkhupruh/ vlqfh q2 + q, pd{lpl}hv zhoiduh
jlyhq Q2 dqg  / Z +q>Q2, Z +q2>Q2,> dqg wkxv Z +q>Q, ? Z +q2>Q2,1
45
ohduqlqj derxw1 Jlyhq +45,/ krzhyhu/ wkh sulfh iruhfdvw pd| eh
uhsodfhg e| suhglfwlrqv uhjduglqj oderu vxsso| lq wkh qh{w wlph
shulrg/ ?hw.41
4: Wklv lv dovr vx!flhqw wr iruhfdvw ixwxuh frqvxpswlrq/
Sw.4/ dv lqglfdwhg e| +48, dqg +49,1
Wkh iroorzlqj vlpsoh ohduqlqj uxoh irupdol}hv wkh dgdswlyh ohduq0
lqj surfhvv wkdw |lhogv ?hw.41 Jlyhq dq h{shfwhg ohyho ri hpsor|phqw/
?hw.4/ wkh rswlpdo shu fdslwd oderu vxsso| iru wkh fxuuhqw wlph sh0
ulrg/ ?w/ lv ghwhuplqhg iurp wkh oderu rhu fxuyh/ l1h1/ xvlqj wkh
qrwdwlrq ri Ilj1 4/ ?w ’ 8 E?
h
w.41 Wkh {hg srlqwv ri wklv pdsslqj
duh wkh vwhdg| vwdwh htxloleuld ri wkh prgho1 Li d vwhdg| vwdwh lv
qrw uhdol}hg lq wlph shulrg |/ rhu fxuyh 8 E?hw.4 |lhogv d whpsrudu|
htxloleulxp uhodwlyh wr wkh jlyhq h{shfwdwlrq/ ?hw.41 Wkhq/ ehlqj
rxwvlgh dq htxloleulxp/ zrunhuv dgmxvwv wkhlu h{shfwdwlrqv wrzdug
wkh fxuuhqwo| uhdol}hg ohyho ri hpsor|phqw dqg rxwsxw1 Irupdoo|/4;
?hw.4 ’ ?
h
w n
V
|
E8 E?hw ?
h
wc V : f +4<,
Wkh txdqwlw| V*| lv nqrzq dv wkh jdlq sdudphwhu/ dqg lw ghwhuplqhv
wkh ghjuhh ri dgmxvwphqw ri h{shfwdwlrqv wr iruhfdvw huuruv1 +Iru
V ’  dqg dssursuldwh lqlwldo frqglwlrq/ ?hw.4 lv htxdo wr wkh dyhudjh
ri sdvw ydoxhv ri ?w1,
Wkh vwdelolw| surshuwlhv ri wkh htxloleuld lq Ilj1 4 duh ghwhuplqhg
e| Sursrvlwlrq 4 ri Hydqv dqg Krqndsrkmd +4<<8,1 Vshflfdoo|/ wkh
lqwhulru htxloleuld dw zklfk dq rhu fxuyh fxwv wkh eD0olqh iurp
deryh +?3Orz dqg ?
3
Kljk, duh vwdeoh xqghu ohduqlqj/ zkhuhdv htxloleuld
dw zklfk wkh eD0olqh fxwv wkh rhu fxuyh iurp deryh duh xqvwdeoh
+?X,1 +Iru doo f 	 ?
h
w.4 	 ?X / wkh hfrqrp| frqyhujhv wr ?
3
Orz dqg/
iru doo ?hw.4 : ?X c wkh hfrqrp| frqyhujhv wr ?
3
Kljk1, Doo xqltxh
lqwhulru htxloleuld +?Orz dqg ?Kljk, duh qhfhvvdulo| vwdeoh1 Lw lv
fohdu iurp Ilj1 4 wkdw/ h{foxglqj xqxvxdo flufxpvwdqfhv/ xqvwdeoh
4:E| +45,/ lqglylgxdov pd| iruhfdvw FcE|n> m @ K>I> lqvwhdg ri s|n1 Jlyhq +4,/
wklv lv htxlydohqw wr iruhfdvwlqj qcE|n= Vlqfh wkh wzr hfrqrplhv duh v|pphwulf dqg
doo lqglylgxdov duh lghqwlfdo +lqfoxglqj wkh ohduqlqj uxohv,/ lw vx!fhv wr iruhfdvw wkh
frpprq ydoxh q|n1 Pruh hoderudwh irupxodwlrqv zlwk h{solflw sulfh iruhfdvwv frxog eh
dssolhg/ exw wkh vwdelolw| surshuwlhv ri wkh htxloleuld zrxog eh xqdhfwhg1 Vhh Hydqv
dqg Krqndsrkmd +5334= ss1 83085, iru wkh forvhg hfrqrp| yhuvlrq ri wkhvh dujxphqwv1
4;Wklv irupxodwlrq iru ohduqlqj derxw vwhdg| vwdwhv lv frpprq lq wkh uhfhqw olwhudwxuh1
Vhh Fkdswhu 44 ri Hydqv dqg Krqndsrkmd +5334,1
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htxloleuld/ zkhq wkh| h{lvw/ zloo eh orfdwhg ehwzhhq wzr vwhdg|
vwdwhv wkdw duh vwdeoh xqghu dgdswlyh ohduqlqj1
6 Jdlqv iurp Wd{ Frpshwlwlrq
Zh qrz wxuq wr frpsdulvrqv ri wkuhh sduwlfxodu htxloleuld= wkh Qdvk
htxloleulxp lq wd{hv wkdw uhvxowv iurp xqlodwhudo srolf| pdnlqj/ wkh
mrlqw rswlpxp rewdlqhg li oderu wd{hv duh vhw frrshudwlyho|/ dqg
dxwdun| +zkhuh zh dvvxph wkdw wd{hv duh vhw rswlpdoo|,1 Rxu
jrdo lv wr vkrz wkdw/ hyhq zkhq dffrpsdqlhg e| lqwhuqdwlrqdo
wd{ frpshwlwlrq/ iuhh prelolw| ri hqwuhsuhqhxuldo oderu fdq |lhog
vljqlfdqw +glvfuhwh, zhoiduh jdlqv ryhu dxwdun|1
Iljxuhv 5 frpsdfwo| pdnhv rxu srlqw1 Lq Ilj1 5d zh vkrz wkuhh
oderu rhu fxuyhv/ odehohg 8d/ 8p dqg 8QH/ uhvshfwlyho|1 Ri wkhvh/
ohw 8p |lhog wkh fxuuhqw +shulrg |, shu fdslwd vxsso| ri vhuylfhv lq
dq rshq hfrqrp| dw vrph {hg ohyho ri lqfrph wd{dwlrq/ ghqrwhg
e| e 1 Jlyhq 8p/ wkh lqwhulru vwhdg| vwdwh dw ?p lv revhuyhg1
Rhu fxuyh 8d lq Ilj1 5d uhsuhvhqwv oderu vxsso| jlyhq e exw
lq dxwdun|1 Lq rughu wr rewdlq fxuyh 8dc zh dgmxvw wkh surgxfwlrq
ixqfwlrqv +4,/ wkh xwlolw| ixqfwlrq +8,/ dqg wkh lqglylgxdov* exgjhw
frqvwudlqwv +:, vr dv wr lqfoxgh rqo| grphvwlf yduldeohv1 Jlyhq
wkhvh dgmxvwphqwv/ htxdwlrqv +46,0+47, duh uhsodfhg e| wkhlu dxwdun|
htxlydohqwv
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c  ’ Mc8c +53,
zkhuh tmw  sE?mwc mwc m ’ g?m1 Zkhq xwlolw| ixqfwlrqv duh
lvrhodvwlf/ htxdwlrqv +53, vlpsoli| dqg |lhog wkh dxwdun| rhu fxuyh
?
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wkdw lv frpprq iru lqglylgxdov lq erwk frxqwulhv1
47
ILJXUHV 5= Elixufdwlrq iurp Wd{ Frpshwlwlrq
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Figure 2b: Bifurcation Gain from Tax Competition
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Fxuyh 8d lq Ilj1 5d ghslfwv htxdwlrq +54, zkhq  ’ e > dxwdun|
vwhdg| vwdwh lv irxqg dw ?d1 Wkdw 8d pxvw eh orfdwhg ehorz 8p fdq
eh vhhq e| revhuylqj wkdw wkh vroxwlrqv iru ?w rewdlqhg xvlqj wkh wzr
rhu fxuyhv/ +4;, dqg +54,/ glhu e| wkh pxowlsolhu 2
4
4.% E: / jlyhq
dq|  14< Wklv lpsolhv wkdw/ dw doo ohyhov ri wd{dwlrq dqg h{shfwhg
ixwxuh hpsor|phqw +?hw.4,/ doo lqglylgxdov zrun kdughu lq dq rshq
hfrqrp| wkdq lq dxwdun|1 +Wkh lqwhusuhwdwlrq ri wkh rhu fxuyh
8QH zloo eh glvfxvvhg vkruwo|1,
Zhoiduh durxqg htxloleuld lv looxvwudwhg lq Ilj1 5e1 Fxuyh ‘p
ghslfwv shu fdslwd zhoo0ehlqj qhdu wkh lqlwldo htxloleulxp ?p dqg
fxuyh ‘d dssolhv lq dxwdun|1 Zhoiduh dv d ixqfwlrq ri wkh wd{ udwh
kdv dq lqyhuwhg X0vkdsh dv vkrzq lq Ilj1 5e li sxeolf frqvxpswlrq
kdv d srvlwlyh zhljkw lq wkh xwlolw| ixqfwlrq +8,1 +Wklv frqglwlrq
jxdudqwhhv wkdw doo lqglylgxdov suhihu vrph srvlwlyh wd{ udwh wr
}hur wd{dwlrq dqg qr surylvlrq ri sxeolf frqvxpswlrq1 Vhh wkh
Dsshqgl{/ sduw 5, iru irupdo dujxphqwv1, Wkh srvlwlyh glvwdqfh
ehwzhhq‘p dqg‘d lq Ilj1 5e uh hfwv wkh jdlqv iurp lqwhuqdwlrqdo
idfwru prelolw| wkdw duh rewdlqhg nhhslqj wkh lqfrph wd{ udwh {hg
dw e 1 Wkhvh jdlqv duh dqdorjrxv wr wkh zhoo0nqrzq surgxfwlrq
jdlqv iurp wudgh dqg duh gxh wr wkh lqfuhdvh dqg uhdoorfdwlrq ri
oderu vxsso| wkdw dffrpsdq| wkh g|qdplf dgmxvwphqw iurp dxwdun|
wr iuhh uhvrxufh prelolw|1 Vlqfh qr frpprglw| wudgh wdnhv sodfh
lq v|pphwulf htxloleuld/ zh fdq lghqwli| doo jdlqv zlwk wkh idfwru
prelolw|1
Lq wkh frpsdulvrq ehwzhhq ‘p dqg ‘d/ wkh jdlqv iurp oderu
prelolw| duh orfdo/ l1h1/ erwk wkh dxwdun| htxloleulxp dw ?d dqg wkh
rshq hfrqrp| vwhdg| vwdwh ?p duh orz surgxfwlylw| vwhdg| vwdwhv
dqg lq qhlwkhu duh srvlwlyh h{whuqdolwlhv revhuyhg1 Zh fdoo wklv vruw
ri d vkliw lq dq htxloleulxp ri d jlyhq w|sh d orfdo fkdqjh +hyhq
zkhq wkh fkdqjh pd| lqyroyh d glvfuhwh shuwxuedwlrq lq wkh prgho
yduldeohv dv ehwzhhq ?d dqg ?p,1 Zh kdyh dvvxphg lq Ilj1 5e wkdw
wkh frpprq wd{ udwh e pd{lpl}hv zhoiduh lq dxwdun| +dorqj ‘d,1
4<Zkhq h{whuqdo surgxfwlylw| jdlqv duh suhvhqw/ wkh rshq hfrqrp| vroxwlrq iru q| dovr
glhuv iurp lwv dxwdun| frxqwhusduw lq wkdw wkh djjuhjdwh oderu vxsso| Q| htxdov 5Nq|
dqg qrw Nq| dv lq dxwdun|1 Wklv glhuhqfh/ zkhq suhvhqw/ vkliwv wkh rshq hfrqrp|
rhu fxuyh ixuwkhu deryh wkh dxwdun| I@1
4:
Wkdw wklv vdph wd{ udwh pd{lpl}hv zhoiduh zkhq oderu lv preloh
dv zhoo +dorqj ‘p, lv gxh wr wkh idfw wkdw surgxfwlyh h{whuqdolwlhv
duh qrw suhvhqw qhdu hlwkhu vwhdg| vwdwh153 Lq jhqhudo/ zh kdyh wkdw
 rswkljk  
rsw
orzc zkhuh 
rsw
kljk lv wkh wd{ udwh mrlqwo| rswlpdo zkhq oderu
surgxfwlylw| lv vxemhfw wr h{whuqdolwlhv dqg  rsworz lv rswlpdo zkhq wklv
lv qrw wkh fdvh +qhdu ?d dqg ?p,1 Wkh vwulfw lqhtxdolw| dssolhv zkhq
d uhgxfwlrq lq wkh lqfrph wd{ uhvxowv lq h{whuqdo surgxfwlylw| jdlqv1
Zkhq wkh lqlwldo lqfrph wd{ lv mrlqwo| rswlpdo dqg oderu lv
preloh/ hdfk ri wkh wzr frxqwulhv xvxdoo| kdv d xqlodwhudo lqfhqwlyh
wr xqghuwdnh dq dv|pphwulf wd{ uhgxfwlrq +vhh wkh Dsshqgl{/
sduw 7,/ iru irupdo dujxphqwv,1 Wkxv/ li wkhuh duh qr surgxfwlyh
h{whuqdolwlhv/ d ohiwzdug pryhphqw iurp e dorqj fxuyh ‘p lv
revhuyhg1 Wkdw wkh uhvxowlqj rxwfrph ri wd{ frpshwlwlrq lv zruvh
lq zhoiduh whupv wkdq wkh mrlqw rswlpxp lv wkh vwdqgdug dujxphqw
djdlqvw lqwhuqdwlrqdo wd{ frpshwlwlrq dqg/ dv vkrzq lq Ilj1 5e/
wklv dujxphqw lv uhsolfdwhg lq rxu prgho1 Dgglwlrqdo uhvxowv iroorz/
krzhyhu/ zkhq zh doorz iru wkh srvvlelolw| wkdw wd{ frpshwlwlrq pd|
fdxvh d elixufdwlrq lq wkh vhw ri htxloleuld1
Lq rughu wr looxvwudwh wklv srvvlelolw|/ zh uhwxuq wr Ilj1 5d1
Dffruglqj wr wkh iroorzlqj ohppd/ oderu rhu fxuyhv vkliw xs +zkloh
ohdylqj wkh ruljlq xqfkdqjhg, li lqfrph wd{hv duh v|pphwulfdoo|
uhgxfhg1 +Vhh wkh Dsshqgl{/ sduw 8,/ iru d surri1,
Ohppd 4 Qhdu d v|pphwulf htxloleulxp +zkhuh K ’ I ’ ,
dqg jlyhq dq| h{shfwhg ohyho ri ixwxuh hpsor|phqw/ ?hw.4/ d frpprq
uhgxfwlrq lq wkh lqfrph wd{hv K dqg I lv iroorzhg e| dq h{sdqvlrq
lq wkh shu fdslwd oderu vxsso|/ ?w1
Dffruglqjo|/ dq rhu fxuyh vxfk dv 8QH/ hqwluho| deryh 8p/ dssolhv
zkhq wd{hv duh Qdvk1 D srvvleoh Qdvk +vwhdg| vwdwh, htxloleulxp lv
lghqwlhg e| srlqw ?QH rq 8QH1
Wkh dgmxvwphqw iurp dq lqlwldo vwhdg| vwdwh vxfk dv ?d +ru
?p, wr wkh Qdvk htxloleulxp dw ?QH lv qrw d orfdo fkdqjh exw
53Iru euhylw|/ rxu glvfxvvlrq khuh irfxvhv rq wkh vwudljkwiruzdug fdvh/ zkhuh +l,
lqfuhdvlqj uhwxuqv duh qrw uhdfkdeoh xqghu dxwdun| dw dq| srvlwlyh wd{ udwhv dqg +ll,
lqfuhdvlqj uhwxuqv duh qrw uhdfkhg dw wd{ udwh a xqghu hqwuhsuhqhxuldo prelolw|1 Zh
zloo uhod{ +ll, ehorz1
4;
d odujh glvfuhwh mxps +elixufdwlrq, lq doo hfrqrplf yduldeohv1
Gxh wr wkh odujh h{sdqvlrq lq oderu vxsso| wkdw iroorzv wkh
frpshwlwlyh wd{ uhgxfwlrq lq Ilj1 5d/ d qhz/ kljkhu surgxfwlylw|/
uhjlph ri surgxfwlrq lv hvwdeolvkhg154 Qhz vwhdg| vwdwh htxloleuld
fruuhvsrqglqj wr wklv kljk rxwsxw uhjlph duh orfdwhg rq wkh vhfrqg
frqfdyh vhjphqw ri wkh rhu fxuyh 8QH qhdu ?QH/ dqg wkhvh
htxloleuld dsshdu rqo| zkhq wkh oderu wd{hv duh vx!flhqwo| orz1
Dw wkhvh orz ohyhov ri wd{dwlrq/ wkh orz rxwsxw vwhdg| vwdwhv qhdu
?p duh holplqdwhg +htxloleuld dorqj wkh uvw frqfdyh vhjphqw ri 8QH
gr qrw h{lvw,1
Wkh glvfuhwh zhoiduh jdlq wkdw lv fruuhvsrqglqjo| h{shulhqfhg
lv looxvwudwhg e| wkh mxps iurp dq lqlwldo htxloleulxp rq ‘d +ru
rq ‘p, wr ?QH rq ‘QH lq Ilj1 5e1 +Fxuyh ‘QH/ zklfk
ghslfwv lqglylgxdo zhoo0ehlqj qhdu wkh kljk rxwsxw htxloleuld/ grhv
qrw frlqflgh zlwk ‘p ehfdxvh wkh wzr zhoiduh fxuyhv fruuhvsrqg
wr glhuhqw surgxfwlrq uhjlphv1, Wkh idfw wkdw qrqorfdo zhoiduh
lpsuryhphqwv ri wklv w|sh duh ihdvleoh lq rxu prgho vkrzv wkdw wd{
frpshwlwlrq fdq sod| d vxusulvlqj srvlwlyh uroh= e| dpsoli|lqj wkh
rxwsxw h{sdqvlrq wkdw iroorzv wkh olehudol}dwlrq ri uhvrxufh  rzv/ d
qrqfrrshudwlyh wd{ uhgxfwlrq pd| sxvk frpshwlqj hfrqrplhv pxfk
eh|rqg wkhlu fxvwrpdu| ohyhov ri shuirupdqfh1 Li wklv kdsshqv/
lw lv olnho| wkdw wkh uhdol}hg jurzwk lq rxwsxw dqg frqvxpswlrq
gzduiv wkh vwloo xquhdol}hg srwhqwldo jdlq wkdw frxog eh dwwdlqhg
iurp frrshudwlyh wd{dwlrq1 Lq rwkhu zrugv/ hyhq wkrxjk/ lq Ilj1 5e/
wkh Qdvk htxloleulxp lq wd{hv/ ?QH/ lv zruvh wkdq wkh frrshudwlyh
ryhudoo rswlpxp/ lqglfdwhg e| srlqw‘ rswp rq‘QH/ lw lv qhyhuwkhohvv
vljqlfdqwo| ehwwhu wkdq dq| lqlwldo htxloleulxp rq ‘p ru ‘d1
55
Wkh iroorzlqj sursrvlwlrq lghqwlhv d vx!flhqw frqglwlrq xqghu
zklfk wkh pryhphqw iurp dxwdun| wr wkh Qdvk htxloleulxp lq wd{hv
lv/ lq rxu frqwh{w/ dq ryhudoo zhoiduh lpsuryhphqw/ ghvslwh wkh
idfw wkdw wd{hv duh qrqfrrshudwlyho| vhw +wkh surri lv jlyhq lq wkh
54Khuh elixufdwlrqv duh dvvxphg wr rffxu diwhu wkh pryh iurp q6 wr wkh Qdvk htxlole0
ulxp q./ vr wkdw wkh Qdvk htxloleulxp lv dvvrfldwhg zlwk d xqltxh kljk hpsor|phqw
vwhdg| vwdwh1 Vxevhtxhqw glvfxvvlrq zloo dovr lqfrusrudwh rwkhu srvvlelolwlhv1
55Lq Ilj1 5e/ wkh wd{ udwh JR|6 lv mrlqwo| rswlpdo1 Wkh Qdvk wd{ . lv jhqhudoo|
orzhu wkdq JR|6 1 Vhh wkh Dsshqgl{/ sduw 7,/ iru irupdo ghwdlov1
4<
Dsshqgl{/ sduw 9,,1
Sursrvlwlrq 5 Ohw xwlolw| ixqfwlrqv eh lvrhodvwlf dqg dvvxph wkdw
wkh prgho sdudphwhuv vdwlvi| wkh lqhtxdolw|
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Wkhq/ doo lqglylgxdov vwulfwo| suhihu iuhh oderu prelolw| dqg wkh Qdvk
htxloleulxp lq wd{hv wr qdwlrqdo vrfldo rswlpxp xqghu dxwdun|1
Sursrvlwlrq 5 vkrzv wkdw oderu prelolw| dqg wd{ frpshwlwlrq fdq
surgxfh jdlqv vxfk wkdw wkh rshq hfrqrp|/ hyhq xqghu vwudwhjlf
wd{dwlrq/ lv vwulfwo| ehwwhu wkdq dxwdun|1 Lq wklv vhqvh/ hyhq li wkh
Qdvk htxloleulxp lq wd{hv pd| vwloo eh zruvh wkdq wkh k|srwkhwlfdo
mrlqw rswlpxp/ wd{ frpshwlwlrq/ zkhq frpsduhg wr dxwdun|/ lv qrw
qhfhvvdulo| d udfh wr wkh erwwrp> rxwfrphv wkdw duh pxfk zruvh
frxog eh wkh uhvxow ri uhvwulfwlqj lqglylgxdo iuhhgrp ri pryhphqw1
Wklv revhuydwlrq rhuv vrph wkhruhwlfdo vxssruw wr Ekdjzdwl +5335,
zkr kdv dujxhg wkdw vwdqgdug fulwlflvpv ri wd{ frpshwlwlrq +wkdw
vxfk frpshwlwlrq lqhylwdeo| ohdgv wr d udfh wr wkh erwwrp, duh olwwoh
vxssruwhg e| hpslulfdo hylghqfh1
Frqglwlrq +55,/ zklfk lqyroyhv wkh whfkqrorj| dqg suhihuhqfh
sdudphwhuv/ k dqg j/ dqg wkh zhoiduh zhljkw iru sxeolf jrrgv/ >/
lv xvhg wr hqvxuh wkdw lqwhuqdwlrqdo prelolw| ru zrunhuv lqgxfhv
d vx!flhqw lqfuhdvh lq oderu vxsso| dqg rxwsxw iru doo wr ehqhw
iurp vxfk prelolw|1 Wkh whup rq wkh uljkw0kdqg vlgh ri +55,
ghwhuplqhv wkh vfrsh iru surgxfwlrq jdlqv iurp rshqqhvv +dv k
dssurdfkhv rqh/ whfkqrorj| dssurdfkhv frqvwdqw uhwxuqv dqg wkh
uljkw0kdqg vlgh whup ghfolqhv> wkxv/ rssruwxqlwlhv iru zhoiduh jdlqv
iurp lqwhuqdwlrqdo prelolw| glplqlvk,1 Rq wkh ohiw0kdqg vlgh/ dv
j lqfuhdvhv +l1h1/ wkh ghpdqg hodvwlflw| E  j ghfolqhv,/ wkhuh lv
ohvv vfrsh iru xwlolw| jdlqv iurp dq| lqfuhdvh lq rxwsxw dqg/ dv
wkh suhihuhqfh iru sxeolf jrrgv lqfuhdvhv +> jurzv,/ wkh ohiw0kdqg
vlgh ri +55, vlploduo| lqfuhdvhv1 Lq h{wuhph fdvhv/ li > lv yhu| kljk/
idfwru prelolw| dqg wd{ frpshwlwlrq pd| uhgxfh zhoiduh1 Jlyhq +55,/
krzhyhu/ dq htxloleulxp vxfk dv ?QH vwulfwo| grplqdwhv dxwdun|1
56
56Zh hpskdvl}h wkdw vlqfh frqglwlrq +55, lv rqo| d vx!flhqw +exw qrw qhfhvvdu|,
frqglwlrq iru d zhoiduh lpsuryhphqw/ wkh Qdvk htxloleulxp pd| grplqdwh dxwdun| hyhq
zkhq +55, idlov1
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Sursrvlwlrq 5 lv qrw frqglwlrqdo rq wkh h{lvwhqfh ri idyrudeoh
elixufdwlrqv1 Dffruglqjo|/ li frqglwlrq +55, lv vdwlvhg/ hyhq zkhq
wkhuh duh qr surgxfwlyh h{whuqdolwlhv wkh Qdvk htxloleulxp +rq‘p,
pxvw vwloo eh d zhoiduh lpsuryhphqw frpsduhg wr dxwdun| +rq ‘d,1
Lq Iljv1 5/ ryhudoo zhoiduh jdlqv duh hqkdqfhg e| wkh glvfuhwh mxps
lq wkh surgxfwlrq uhjlph wkdw fuhdwhv wkh kljk rxwsxw htxloleuld
qhdu ?QH +rq ‘QH, exw zkloh vxfk odujh lpsuryhphqwv pd| dulvh
iurp wd{ frpshwlwlrq/ jdlqv dwwulexwhg wr elixufdwlrqv lq htxloleuld
duh e| qr phdqv qhfhvvdu| iru rshqqhvv wr eh ghvludeoh1
Elixufdwlrqdo jdlqv fdqqrw h{lvw xqohvv wkhuh duh pxowlsoh surgxf0
wlrq uhjlphv1 Lq wkh suhvhqw vlpsoh prgho/ surgxfwlrq h{whuqdolwlhv
duh wkh vrxufh ri srwhqwldo pxowlsolflwlhv1 Whfkqrorjlfdo frpsohphq0
wdulwlhv fdq dovr vhuyh lq wklv uroh> vhh Krqndsrkmd dqg Wxuxqhq0Uhg
+5335,1 Ilj1 5d vxjjhvwv wkdw idyrudeoh elixufdwlrqv duh pruh olnho|
zkhq +l, dxwdun| wd{hv duh kljk +vr wkdw wkh lqlwldo htxloleulxp lv
d orz rxwsxw vwdwh/ dqdorjrxv wr ?d,/ +ll, wd{ frpshwlwlrq lqyroyhv
d odujh uhgxfwlrq lq wd{hv +vr wkdw lqglylgxdo lqfhqwlyhv duh vljqli0
lfdqwo| dowhuhg,/ dqg +lll, wkh kljk surgxfwlrq uhjlph fdq eh hdvlo|
dffhvvhg +wkh nlqn lq rhu fxuyh 8p rffxuv dw d orz ydoxh ri ?w.4,1
57
Eh|rqg wkh fxuuhqw prgho lv wkh srvvlelolw| wkdw wkhuh pd| eh vhy0
hudo surgxfwlrq uhjlphv/ hdfk vhsdudwhg e| d surgxfwlylw| wkuhvkrog/
vrph ri zklfk pd| rffxu dw uhodwlyho| orz ohyhov ri hpsor|phqw dqg
rxwsxw +vr wkdw wkh h{whuqdolw| jdlqv fdq uhdvrqdeo| eh dffhvvhg,1
Zkloh zh kdyh hpskdvl}hg wkh uroh ri wd{ frpshwlwlrq lq
jhqhudwlqj idyrudeoh elixufdwlrqv/ xszdug mxpsv lq htxloleuld pd|
dulvh vroho| ehfdxvh lqglylgxdov ehfrph lqwhuqdwlrqdoo| preloh dqg
hyhq zkhq wd{dwlrq uhpdlqv xqfkdqjhg1 Wklv srvvlelolw| fdq eh
looxvwudwhg lq Ilj1 5d e| vkliwlqj rhu fxuyh 8p xs xqwlo d kljk
surgxfwlylw| htxloleulxp +vxfk dv ?QH rq 8QH, dsshduv dqg wkh
orz vwhdg| vwdwh +?p, lv holplqdwhg1 Lq vxfk d fdvh/ wd{ frpshwlwlrq
phuho| |lhogv dq dgglwlrqdo orfdo lpsuryhphqw lq surgxfwlylw| +d
ixuwkhu vkliw xs lq wkh rhu fxuyh, dqg zhoiduh exw lw grhv qrw
ixuwkhu fkdqjh wkh surgxfwlrq uhjlph1 Zkloh wklv odwwhu srvvlelolw|
57Wkh nlqn vkliwv wr wkh ohiw lq Ilj1 4 li srsxodwlrq h{sdqgv +N lqfuhdvhv,/ wkh iudfwlrq
ri xvhixo lghdv dprqj lghdv eurdgfdvw +, lqfuhdvhv/ wkh wlph lw wdnhv dq lqglylgxdo wr
devrue dq lghd +d, ghfuhdvhv/ ru li wkh h{rjhqrxv hpsor|phqw wuhvkrog eL jhwv vpdoohu1
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ri elixufdwlrqdo zhoiduh jdlqv dulvlqj iurp lqwhuqdwlrqdo rshqqhvv
dorqh pd| dsshdu pruh lqwxlwlyho| reylrxv58/ zh kdyh dwwhpswhg wr
vkrz wkdw wd{ frpshwlwlrq/ wkurxjk lwv h{sdqvlrqdu| hhfwv rq oderu
vxsso|/ zrunv lq wkh vdph gluhfwlrq dv dq| olehudol}dwlrq ri idfwru
 rzv1 Dffruglqjo|/ hyhq zkhq qrw ehlqj wkh fdxvh ri elixufdwlrqdo
mxpsv lq htxloleuld/ wd{ frpshwlwlrq pd| vwloo vljqlfdqwo| lqfuhdvh
wkh srvlwlyh zhoiduh lpsdfw ri iuhh idfwru prelolw|1
7 Wd{ Frpshwlwlrq dqg H{shfwdwlrqdo Eduulhuv
H{shfwdwlrqv kdyh d vljqlfdqw uroh wr sod| zkhq wkhuh duh pxowlsoh
htxloleuld1 Lq rughu wr looxvwudwh wkh lqwhusod| ri h{shfwdwlrqv dqg
fkdqjhv lq srolf| zh dsso| rxu suhylrxv Ilj1 41
Ohw xv dvvxph wkdw rhu fxuyh 8 lq Ilj1 4 dssolhv lq dxwdun|
+zkhq  ’ e, dqg 8 3 ghslfwv shu fdslwd oderu vxsso| zkhq
lqglylgxdov duh preloh exw wd{hv uhpdlq {hg dw e 1 Wkhq/ dv zh
pryh iurp dxwdun| wr frpsohwh rshqqhvv/ wkh vhw ri htxloleuld
h{sdqgv iurp d vlqjoh orz rxwsxw vwdwh +?Orz, wr d vhw ri wkuhh
srwhqwldo vwhdg| vwdwhv dorqj 8 31 Ri wkhvh/ ?3Kljk |lhogv zhoiduh
pxfk kljkhu wkdq ?3Orz dqg d vhhplqjo| dyhudjh htxloleulxp h{lvwv
dw ?X 1 Zklfk ri wkhvh wkuhh htxloleuld lv dfwxdoo| uhdol}hg zkhq
lqglylgxdov duh iuhh wr zrun dq|zkhuh wkh| fkrrvhB Wkh dqvzhu lv=
?3Orz1
Zk| lv ?3Kljk xqdwwdlqdeohB Wkh uhdvrq uhyroyhv durxqg wkh
h{shfwdwlrqdo g|qdplfv wkdw zh kdyh dvvxphg jryhuq lqglylgxdo
uhdfwlrqv wr fkdqjhv lq wkh hfrqrplf hqylurqphqw1 Lq rughu wr
uhdfk wkh kljk rxwsxw vwhdg| vwdwh dw ?3Kljk doo lqglylgxdov pxvw
zrun pxfk kdughu vr dv wr ryhufrph wkh hpsor|phqw wkuhvkrog
wkdw uhvwulfwv wkh ixqfwlrqlqj ri surgxfwlyh h{whuqdolwlhv1 Zkloh
shu fdslwd oderu vxsso| grhv uhvsrqg srvlwlyho| dv rhu fxuyh 8 3 lv
uhdfkhg dqg h{shfwdwlrqv duh dffruglqjo| dgmxvwhg xszdugv/ wkhuh
lv dorqj 8 3 dq h{shfwdwlrqdo eduulhu wkdw fdqqrw hdvlo| eh ryhufrph=
dv hpsor|phqw dqg rxwsxw dssurdfk wkh xqvwdeoh htxloleulxp ?X
58Krqndsrkmd dqg Wxuxqhq0Uhg +5335, ghprqvwudwh wkdw elixufdwlrqdo jdlqv pd|
dulvh iurp lqwhuqdwlrqdo wudgh lq fdslwdo jrrgv1
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iurp ehorz/ huuruv lq lqglylgxdo h{shfwdwlrqv jurz dqg/ iroorzlqj
wkh ohduqlqj uxoh +4<,/ doo uhvsrqg e| prylqj edfn wrzdug wkh orzhu/
exw h{shfwdwlrqdoo| vwdeoh/ vwhdg| vwdwh dw ?3Orz1 Hvvhqwldoo|/ ?
3
Kljk
lv xqdwwdlqdeoh ehfdxvh doo eholhyh vr1
Rxu Ilj1 4 vxjjhvwv d srvvleoh uhphg| iru wklv h{shfwdwlrqdo
lpsdvvh1 D ixuwkhu xszdug vkliw lq rhu fxuyh 8 3 fdq/ zkhq wkh
vkliw lv vx!flhqwo| odujh/ holplqdwh erwk wkh orz rxwsxw htxloleulxp
qhdu ?3Orz dqg wkh xqvwdeoh vwhdg| vwdwh ?X 1 Dqg vxfk d vkliw lq wkh
rhu fxuyh pd| wdnh sodfh zkhq wkh frxqwulhv frpshwh lq wd{hv1 Lq
rwkhu zrugv/ yljrurxv wd{ frpshwlwlrq pd| hqg xs vhohfwlqj dprqj
ihdvleoh htxloleuld wkh rqh dw zklfk zhoiduh lv kljkhvw1 Frpsduhg wr
dxwdun|/ vxfk dq rxwfrph pxvw eh zhoiduh lpsurylqj1
Sursrvlwlrq 6 Li wd{ frpshwlwlrq vhohfwv dprqj pxowlsoh +vwdeoh,
htxloleuld/ wkhq doo lqglylgxdov suhihu iuhh oderu prelolw| dqg wkh Qdvk
htxloleulxp lq wd{hv wr dxwdun|1
Sursrvlwlrq 6 eulqjv wr wkh iruh wkh h{shfwdwlrqdo g|qdplfv wkdw
jxlgh lqglylgxdov dqg wkh hfrqrp| iurp rqh +vwdeoh, htxloleulxp wr
dqrwkhu1 Vlqfh h{shfwdwlrqv duh dgmxvwhg vr dv wr uhgxfh iruhfdvw
huuruv/ rqo| htxloleuld wkdw duh vwdeoh zlwk uhvshfw wr wklv ohduqlqj
ehkdylru fdq eh dssurdfkhg1 Li lqglylgxdov duh kdelwxdoo| h{shfwlqj
d orz vwhdg| vwdwh +vxfk dv ?3Orz, wr eh uhdol}hg/ wkh| zloo qrw
qg wkhlu zd| wr d kljkhu/ |hw ihdvleoh/ vwhdg| vwdwh +h1j1/ ?3Kljk,
li wkdw vwdwh lv vhsdudwhg e| dq h{shfwdwlrqdo eduulhu iurp wkh
fxuuhqw htxloleulxp1 Wr ryhufrph wkh h{shfwdwlrqdo kxugoh/ vrph
ixuwkhu fkdqjh lv uhtxluhg1 Wkh deryh glvfxvvlrq vxjjhvwv wkdw wd{
frpshwlwlrq iru preloh uhvrxufhv fdq dvvxph wklv frqvwuxfwlyh srolf|
uroh1
Ri frxuvh/ rqh pd| dujxh wkdw/ lq d vlwxdwlrq vxfk dv ghslfwhg
lq Ilj1 4/ jryhuqphqwv kdyh d vwurqj lqfhqwlyh wr frrshudwh dv
e| grlqj vr wkh| pd| eh deoh wr dwwdlq d kljk rxwsxw vwdwh qhdu
ru deryh ?33Kljk1 \hw/ wkh srlqw ri Sursrvlwlrq 6 lv wkdw/ hyhq li
vxfk frrshudwlrq zhuh hyhqwxdoo| ihdvleoh/ frrshudwlrq pd| qrw
eh qhfhvvdu| ehfdxvh qrqfrrshudwlyh srolflhv fdq |lhog d qhduo|
htxlydohqw rxwfrph1 Iurp wklv srlqw ri ylhz/ wd{ frpshwlwlrq pd|
dw wlphv eh d uhdvrqdeoh vxevwlwxwh iru wd{ frrshudwlrq1
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Wkhuh lv dq dgglwlrqdo revhuydwlrq uhjduglqj frrshudwlyh wd{
srolf| wkdw fdq eh rewdlqhg xvlqj Ilj1 4 dqg Sursrvlwlrq 61 Rqh
pd| lpdjlqh wzr vfhqdulrv iru wkh idfwru pdunhw olehudol}dwlrq wr
eh sod|hg rxw1 Iluvw/ frxqwulhv pd| djuhh rq d judgxdo dssurdfk
lq zklfk idfwru  rzv duh vorzo| iuhhg dqg wd{hv duh dgmxvwhg lq
vpdoo frrshudwlyh pryhv1 Ru/ frrshudwlrq pd| idlo/ ohdglqj wr
whpsrudu| wd{ frpshwlwlrq ehiruh vrph frrshudwlyh wd{ djuhhphqw
lv hyhqwxdoo| uhdfkhg1 Wkh vhfrqg dowhuqdwlyh pd| dsshdu lqihulru
ri wkh wzr1
Ilj1 4 vxjjhvwv wkhuh duh flufxpvwdqfhv zkhuh wkh rssrvlwh lv
wkh fdvh1 Li wkh judgxdo dssurdfk lv wdnhq/ wkh orz rxwsxw vwhdg|
vwdwh +?3Orz, zloo eh revhuyhg dv orqj dv wkdw htxloleulxp frqwlqxhv
wr h{lvw dqg jdlqv iurp rshqqhvv uhpdlq rqo| orfdo1 Krzhyhu/ wd{
frpshwlwlrq/ hyhq zkhq whpsrudu|/ pd| fdxvh d odujh vkliw lq zrun
kdelwv dqg h{shfwdwlrqv vr wkdw d kljk zhoiduh vwdwh +?33Kljk, ehfrphv
hvwdeolvkhg1 Dqg zkdw lv prvw lpsruwdqw/ rqfh lqglylgxdov kdyh
ohduqhg wkh h{lvwhqfh ri wkh kljk htxloleulxp/ judgxdo +frrshudwlyh,
wd{ lqfuhdvhv fdq eh xqghuwdnhq dqg wkhvh zloo qrw fdxvh d edfnzdug
uhyhuvdo wr wkh orz rxwsxw vwdwh +qhdu ?3Orz,1
Wkh odvw frqfoxvlrq iroorzv ehfdxvh wkh vdph h{shfwdwlrqdo
lqhuwld wkdw fdq pdnh lw gl!fxow iru dq hfrqrp| wr ohduq lwv zd|
wr d qhz dqg ehwwhu htxloleulxp whqgv wr pdlqwdlq wkh kljk rxwsxw
vwdwh +qhdu ?33Kljk, rqfh lw kdv ehhq uhdol}hg1 Rqo| d yhu| odujh
glvfuhwh lqfuhdvh lq wd{dwlrq frxog fxw h{shfwdwlrqv vx!flhqwo| iru
wkh orz rxwsxw vwdwh +?3Orz, wr eh uh0hvwdeolvkhg +wkh wd{ lqfuhdvh
zrxog kdyh wr eh odujh hqrxjk wr holplqdwh erwk ?33Kljk dqg wkh
xqvwdeoh htxloleulxp qhdu ?X wkdw zloo dsshdu dv  lqfuhdvhv,1
Wkxv/ wkhuh fohduo| fdq eh flufxpvwdqfhv lq zklfk wkh vhhplqjo|
suxghqw/ fduhixo dqg judgxdo +frrshudwlyh, srolf| sdwk lv zruvh wkdq
wkh sdwk ri olehudol}dwlrq/ wd{ frpshwlwlrq/ dqg srvvleoh frrshudwlyh
dgmxvwphqwv rqo| odwhu1 Wkhvh frqfoxvlrqv dsso| zkhqhyhu wkhuh lv
uhdvrq wr eholhyh wkdw dq hfrqrp| lv fdsdeoh ri vxgghq surgxfwlylw|
dqg jurzwk vsxuwv1
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8 Frqfoxvlrqv
Lq wklv sdshu/ zh kdyh dqdo|}hg frqvhtxhqfhv ri idfwru prelolw| dqg
wd{ frpshwlwlrq lq d vlpsoh wzr0frxqwu| ryhuodsslqj jhqhudwlrqv
prgho1 D vshfldo ihdwxuh ri wkh prgho lv wkh pxowlsolflw| ri htxloleuld
wkdw uh hfwv wkh lqwhudfwlrqv ri lqfuhdvlqj dqg ghfuhdvlqj uhwxuqv wr
vfdoh lq surgxfwlrq1
Zkhq surgxfwlyh uhvrxufhv duh lqwhuqdwlrqdoo| preloh/ frxqwulhv
kdyh dq lqfhqwlyh wr dwwudfw wkhp e| fxwwlqj wd{hv1 Vxfk wd{ frp0
shwlwlrq fdq uhgxfh jdlqv iurp idfwru wudgh e| iruflqj jryhuqphqwv
wr fxuwdlo sxeolf vhuylfhv li wd{ uhyhqxh idoov1 Olwhudwxuh rq wd{
frpshwlwlrq kdv gxo| revhuyhg wkdw wkh Qdvk htxloleulxp lq wd{hv
zkhq uhvrxufhv duh preloh lv zruvh lq zhoiduh whupv wkdq wkh mrlqw
rswlpxp wkdw frxog eh dwwdlqhg li frxqwulhv zhuh deoh wr djuhh rq
frruglqdwhg wd{ srolflhv1 Exw/ vlqfh wd{ frruglqdwlrq lv dozd|v sr0
olwlfdoo| dqg sudfwlfdoo| gl!fxow/ lq wklv sdshu zh kdyh frpsduhg
wkh Qdvk htxloleulxp lq wd{hv wr wkh rwkhu dowhuqdwlyh= dxwdun| +qr
idfwru prelolw|, dqg rswlpdo qdwlrqdo wd{dwlrq159 Rxu frpsdulvrq
pd| zhoo eh wkh uhdolvwlf rqh ehwzhhq srvvleoh dowhuqdwlyhv wkdw gr
qrw uhtxluh lqwhuqdwlrqdo srolwlfdo frrshudwlrq1
Zh kdyh ehhq sduwlfxoduo| lqwhuhvwhg lq wkh delolw| ri wd{
frpshwlwlrq hqkdqfh +qrw uhgxfh, wkh jdlqv iurp idfwru prelolw|1
Wkhvh jdlqv frph iurp wzr vrxufhv1 Iluvw/ orzhu wd{hv h{sdqg wkh
vxsso| ri wkh preloh idfwruv dqg/ zkhq wkhuh duh h{whuqdolwlhv/ wkhuh
pd| eh dgglwlrqdo surgxfwlylw| ehqhwv wkdw fdq eh uhdshg1 Lq
Vhfwlrq 6/ zh vkrzhg wkdw/ hyhq zlwkrxw h{whuqdolwlhv/ wkh Qdvk
htxloleulxp lq wd{hv fdq eh ehwwhu wkdq wkh dxwdun| dowhuqdwlyh1
Zkhwkhu wklv lv vr ghshqgv rq wkh sdudphwhuv wkdw ghwhuplqh wkh
pdjqlwxgh ri wkh surgxfwlrq jdlqv iurp wudgh dqg wkh ghjuhh wr
zklfk wkhvh jdlqv duh wudqviruphg lqwr zhoiduh lpsuryhphqwv1
Zh dovr ghprqvwudwhg wkdw wd{ frpshwlwlrq fdq eh wkh vrxufh ri
qhz/ odujh/ elixufdwlrqdo jdlqv lq zhoiduh1 Vxfk jdlqv duh uhdol}hg
zkhq wkh orzhulqj ri wd{hv fdxvhv d glvfuhwh vkliw lq wkh vxsso| ri wkh
59Zh frqvlghu dxwdun| exw rxu uhvxowv frxog eh jhqhudol}hg wr doorz iru olplwhg idfwru
prelolw| dv zhoo1 Wklv frxog eh grqh e| dxjphqwlqj wkh prgho e| d sdudphwhu wkdw
uhsuhvhqwv frvwv ri idfwru prelolw|1
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preloh idfwruv dqg wklv fkdqjh lv vx!flhqwo| odujh wr vljqlfdqwo|
dowhu lqglylgxdo h{shfwdwlrqv1 Wkhq/ lw pd| eh srvvleoh iru wkh
hfrqrp| wr uhdfk d qhz kljk0hpsor|phqw/ kljk0rxwsxw/ vwhdg|
vwdwh1
Ilqdoo|/ zh revhuyhg wkdw vlqfh h{shfwdwlrqv lpsdfw wkh fxuuhqw
idfwru vxsso|/ wkh odujh srwhqwldo jdlqv iurp prelolw| wkdw srwhq0
wldoo| h{lvw pd| qrw eh uhdshg li lqglylgxdo h{shfwdwlrqv uhpdlq
shuvlvwhqwo| orz1 Lq vxfk flufxpvwdqfhv/ wd{ frpshwlwlrq pd| eh
khosixo ehfdxvh lw shuwxuev wkh vwdwxv txr dqg hqfrxudjhv lqglylgx0
dov wr zrun pxfk kdughu1 Prvw vljqlfdqwo|/ rqfh wkh qhz uhdolw| ri
d pxfk kljkhu htxloleulxp kdv ehhq ohduqhg eh doo/ wkh kljk zhoiduh
vwhdg| vwdwh fdq vwloo eh vxvwdlqhg hyhq li vrph frrshudwlyh wd{ lq0
fuhdvhv zhuh wr eh xqghuwdnhq1 Lq rwkhu zrugv/ d vhhplqjo| udglfdo
srolf| fkrlfh ri vljqlfdqw fkdqjh/ iroorzhg e| frrshudwlrq dw d odwhu
vwdjh/ pd| vrphwlphv eh ehwwhu wkdq wkh judgxdo dqg frrshudwlyh
dssurdfk wkdw qhyhu vkrfnv wkh hfrqrp| rxw ri lwv suhvhqw sdwk1
Lq wkh fxuuhqw prgho/ wd{dwlrq qdqfhv lqwhujhqhudwlrqdo wudqv0
ihuv iurp wkh |rxqj zkr zrun wr wkh uhwluhg zkr frqvxph1 Wkhvh
vrfldo ehqhwv duh glvwulexwhg dffruglqj wr wkh qdwlrqdolw| sulqfl0
soh dffruglqj wr zklfk wkh rog jhqhudwlrqv hqmr| rqo| wkh sxeolf
jrrgv wkdw wkhlu qdwlyh frxqwulhv surylgh1 E| wklv ghylfh zh kdyh
h{foxghg wkh srvvlelolw| wkdw vrfldo ehqhwv wkhpvhoyhv pd| hqfrxu0
djh idfwru  rzv1 Zh dovr gr qrw doorz iru lqglylgxdo khwhurjhqhlw|>
wklv uxohv rxw lqwudjhqhudwlrqdo wudqvihuv iru uhglvwulexwlrq sxusrvhv
wkdw/ djdlq/ fdq prwlydwh ghflvlrqv wr pljudwh1 Vlqfh rxu pdlq jrdo
kdv ehhq wr srlqw rxw wkh olnholkrrg ri ryhudoo jdlqv iurp idfwru
prelolw| dqg wkh srvlwlyh uroh wkdw wd{ frpshwlwlrq pd| sod| e|
fuhdwlqj dgglwlrqdo glvfuhwh jdlqv lq zhoiduh/ zh kdyh fkrvhq d vlp0
soh iudphzrun lq zklfk wkh prwlydwlrq iru lqwhuqdwlrqdo prelolw| lv/
dv lq wudglwlrqdo wd{ frpshwlwlrq olwhudwxuh/ wkh qhw uhwxuq wr vhu0
ylfhv1 Qhyhuwkhohvv/ ixwxuh zrun lq uhod{lqj vrph ri rxu dvvxpswlrqv
uhpdlqv ghvludeoh1
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  EE tdE
otd +5<,
’ d>  E ot 4d 
Dv  dssurdfkhv }hur/ wklv whup jurzv duelwudulo| odujh exw wkh
vhfrqg +qhjdwlyh, eudfnhwhg whup lq +5;, kdv d qlwh olplw1 Wkxv/
zkhq  lv qhdu }hur/ wkh zhoiduh ghulydwlyh +5;, lv srvlwlyh1
Dffruglqjo|/ zkhq wd{hv dqg sxeolfo| surylghg frqvxpswlrq duh
orz/ wrwdo zhoiduh lv lqfuhdvlqj zlwk uhvshfw wr   Zkhq  lqfuhdvhv/
krzhyhu/ vwhdg| vwdwh surgxfwlrq td frqyhujhv wrzdugv }hur dqg
zloo uhdfk }hur dw vrph ydoxh ri  1 +Lq Ilj1 5d/ wkh rhu fxuyh
urwdwhv grzqzdugv durxqg wkh ruljlq dv  lqfuhdvhv1, Wkxv/ zkhq
5:Iru euhylw|/ zh dvvxph wkdw wkh lqwhulru vwhdg| vwdwh lv xqltxh dqg ri orz w|sh iru
wkh frqvlghuhg grpdlq ri ydoxhv ri  1
5<
wkh wd{ udwh lqfuhdvhv wkh vhfrqg eudfnhwhg whup lq +5;, lv olnho| wr
grplqdwh1 Wkhq/ wrwdo zhoiduh lq ghfuhdvlqj lq  1
Lq wkh rshq hfrqrp|/ zh hydoxdwh wkh vxp ri wkh ghulydwlyhv
Y‘Kp *YK dqg Y‘
K
p *YI dw d v|pphwulf htxloleulxp zkhuh K ’
I ’  1 +Khuh vxevfulsw 6 uhihuv wr prelolw|1, Zlwk uhvshfw wr
fkdqjhv lq wkh grphvwlf wd{ lq Krph/ wkh zhoiduh ghulydwlyh htxdov
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+67,
Wkh hpsor|phqw ghulydwlyhv duh frpsxwhg ehorz lq sduw 6, ri wkh
Dsshqgl{1
Vxevwlwxwlqj +65,0+67, lqwr +63,0+64, dqg dsso|lqj wkh uvw rughu
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Wkh uvw whup lq wkh deryh zhoiduh ghulydwlyh lv srvlwlyh dqg wkh
rwkhu whupv duh qhjdwlyh1 Krzhyhu/ gxh wr v|pphwu|/ zh rewdlq
wkdw
>X3tK  L
3 dsE?K c K n sE?I c I o ’ d>X
3  L 3otK c
lq +6:,> ixuwkhu/ CK ’ tK dqg/ e| v|pphwu|/ SK ’ E  tK 1
Wkxv/ dujxphqwv dqdorjrxv wr wkh dxwdun| fdvh dsso| lq wkh rshq
hfrqrp| dv zhoo/ dqg zhoiduh dv d ixqfwlrq ri wkh wd{ udwh kdv dq
lqyhuwhg X0vkdsh dv fodlphg1
6, Oderu ghulydwlyhv= Iru wkh lvrhodvwlf xwlolw| ixqfwlrqv dqg
wdnlqj lqwr dffrxqw surgxfwlrq whfkqrorj| +4, htxdwlrqv +<,0+43,
|lhog wkh iroorzlqj fkdudfwhul}dwlrq ri wkh vwhdg| vwdwh=
64
kE KS

K ?
4
K [EK ’ E?K n ?I 
%c +6;,
kE I S

K ?
4
I [EI  ’ E?K n ?I 
%c +6<,
kE I S
+,
I ?
+4,
I [EI  ’ E?

K n ?

I 
%c +73,
kE KS
+,
K ?
+4,
K [EK ’ E?

K n ?

I 
% +74,
Ixuwkhupruh/ lq +6;,0+74,/ wkh frqvxpswlrq whupv htxdo
SK ’ E KsE?Kc K n E I sE?I c I c +75,
SI ’ E KsE?

K c K n E I sE?

I c I  +76,
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Wkh oderu vxsso| ghulydwlyhv lpso|= +l, wkh zruog oderu vxsso|
ghfolqhv li rqh frxqwu| lqfuhdvhv lwv wd{/ l1h1/
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+lll, lq hdfk frxqwu|/ d grphvwlf wd{ lqfuhdvh uhgxfhv wrwdo oderu
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7, Hdfk frxqwu| xqlodwhudoo| orzhuv lwv wd{ zkhq wkh
v|pphwulf wd{ lv mrlqwo| rswlpdo= Dw d v|pphwulf htxloleulxp/
wkh mrlqwo| rswlpdo +frpprq, wd{ udwh/  rsw/ lv fkdudfwhul}hg e| wkh
htxdwlrqv 
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mK@I@rsw’ fc  ’ Mc8c +86,
zkhuh wkh zhoiduh ghulydwlyhv duh dv lq +68,0+69,1 Zh zdqw wr dujxh
wkdw/ dw wkh mrlqw rswlpxp/

Y‘Kp *YK
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mrswlpxp	 f/ l1h1/ hdfk
frxqwu| kdv d xqlodwhudo lqfhqwlyh wr orzhu lwv rzq wd{1
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Li Y‘Kp *YI lv srvlwlyh dw wkh mrlqw rswlpxp/ wkhq Y‘
K
p *YK 	 f
dw wklv rswlpxp dv zh uhtxluh1
Wkh uvw whup rq wkh uljkw0kdqg vlgh ri +87, lv qhjdwlyh exw wkh
rwkhu whupv duh srvlwlyh1 Lq sduwlfxodu/ li zh frqvlghu rqo| wkh uvw
wzr whupv ri +87,/ zh rewdlq +xvlqj wkh v|pphwu| ri wkh htxloleulxp
dqg wkh lvrhodvwlf xwlolw| ixqfwlrqv, wkdw
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Dffruglqjo|/ hdfk frxqwu| zlvkhv wr xqlodwhudoo| orzhu lwv wd{ udwh li
wkh mrlqwo| rswlpdo wd{ lv vx!flhqwo| odujh frpsduhg wr wkh zhljkw
ri sxeolf vhuylfhv lq lqglylgxdo zhoiduh1 Fhuwdlqo|/ zkhq wkh zhljkw
ri sxeolf vhuylfhv lq zhoiduh lv qrw yhu| kljk +> whqgv wr }hur,/ wklv
vx!flhqw +exw qrw qhfhvvdu|, frqglwlrq lv vdwlvhg1
8, Surri ri Ohppd 4= Jlyhq wkdw K ’ I ’  c wkh sulfh udwlr
Rw*Rw.4 lq +45, htxdov t
Z
w.4*t
Z
w  Wkxv/ htxdwlrqv +46,0+47, |lhog
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L 3ESw.4t
Z
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s 34E?wc w
 +89,
Jlyhq ?w.4/ wkh ohiw0kdqg vlgh ri +89, lv ghfuhdvlqj lq  1
Frqvhtxhqwo|/ wkh uljkw0kdqg vlgh ri +89, lv ghfuhdvlqj lq  dv zhoo1
Exw vlqfh wkh whup t Zw T
3E2?w*s
3
4E?w lv lqfuhdvlqj lq ?w +vlqfh T
lv frqyh{ dqg s lv frqfdyh lq ?,/ wkh ?w ghwhuplqhg e| +89, pxvw
lqfuhdvh dv wkh wd{ udwh  ghfolqhv1
9, Surri ri Sursrvlwlrq 5= Frqvlghu uvw wkh fdvh zlwkrxw
surgxfwlyh h{whuqdolwlhv1 Wkhq/ dv d ixqfwlrq ri ?d/ dxwdun| zhoiduh
+iru hlwkhu frxqwu|, vdwlvhv wkh lqhtxdolw|
‘dE c ?d ’ LEE t E?d T E?d n >XEt E?d +8:,
’
t E?d
4
 j

E 4 n > 4


?4.%d
 n 0
‘ xsshud E?d 
E n >
4
 
E j
?d
+4,eU+4,  ?4.%d
 n 0

Lqhtxdolw| +8:, lv rewdlqhg e| uhsodflqj wkh whup
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lq wkh zhoiduh h{suhvvlrq e| lwv pd{lpxp ydoxh zlwk uhvshfw wr 
+wkh pd{lpxp rffxuv dw  ’ >
4
*E n >
4
 ,1 Ixuwkhu/ pd{lpl}lqj
‘ xsshud E?d zlwk uhvshfw wr ?d |lhogv
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Zkhq lqglylgxdov duh iuhho| preloh dqg wd{hv duh Qdvk/ zhoiduh
lv dw ohdvw dv kljk dv zkhq wd{hv duh htxdo wr }hur +wklv lv ehfdxvh
zhoiduh kdv dq lqyhuwhg X0vkdsh dv d ixqfwlrq ri ,1 Zkhq wd{hv
duh }hur/ zhoiduh lv ghulyhg vroho| iurp sulydwh pdunhw dfwlylwlhv dqg
htxdov
‘pre@3 ’ 7 d2?o
4.% c +93,
zkhuh ? ’ k
4
}2
+%.,
} eU +4,} dv fdq eh ghwhuplqhg xvlqj +4;,1
Vxevwlwxwlqj wklv h{suhvvlrq lqwr +93, |lhogv
‘pre@3 ’ 7k
4.%
} 2
+4.%,+4,+4,
} eU +4,+4.%,}  +94,
Frpsdulvrq ri +94, dqg +8;, |lhogv ‘pre@3  ‘
xsshu
d li +55, lv
vdwlvhg1
Li h{whuqdo surgxfwlylw| jdlqv h{lvw lq dxwdun|/ wkh| zloo dovr eh
revhuyhg zkhq oderu lv preloh +oderu vxsso| lq hdfk frxqwu| lv odujhu
zkhq zrunhuv duh preloh,1 Wkh rxwsxw h{sdqvlrq fdxvhg e| wkh
h{whuqdolw| lv wkhuhiruh odujhu lq wkh rshq hfrqrp| wkdq lq dxwdun|1
Wkxv/ Sursrvlwlrq 5 vwloo krogv1
Li wkhuh duh qr surgxfwlyh h{whuqdolwlhv lq dxwdun| exw vxfk jdlqv
dsshdu zkhq lqglylgxdov duh preloh/ Sursrvlwlrq 5 lv jxdudqwhhg wr
krog jlyhq +55,1
69
